The impact of the complex structure of the stratum corneum on transdermal penetration is not yet fully described by existing models. A quantitative and thorough study of skin permeation is essential for chemical exposure assessment and transdermal delivery of drugs. The objective of this study is to analyze the effects of heterogeneity, anisotropy, asymmetry, follicular diffusion, and location of the main barrier of diffusion on percutaneous permeation. In the current study, the solution of the transient diffusion through a two-dimensional-anisotropic brick-and-mortar geometry of the stratum corneum is obtained using the commercial finite element program COMSOL Multiphysics. First, analytical solutions of an equivalent multilayer geometry are used to determine whether the lipids or corneocytes constitute the main permeation barrier. Also these analytical solutions are applied for validations of the finite element solutions. Three illustrative compounds are analyzed in these sections: diethyl phthalate, caffeine and nicotine. Then, asymmetry with depth and follicular diffusion are studied using caffeine as an illustrative compound. The following findings are drawn from this study: the main permeation barrier is located in the lipid layers; the flux and lag time of diffusion through a brick-and-mortar geometry are almost identical to the values corresponding to a multilayer geometry; the flux and lag time are affected when the lipid transbilayer diffusivity or the partition coefficients vary with depth, but are not affected by depth-dependent corneocyte diffusivity; and the follicular contribution has significance for low transbilayer lipid diffusivity, especially when flux between the follicle and the surrounding stratum corneum is involved. This study demonstrates that the diffusion is primarily transcellular and the main barrier is located in the lipid layers.
Introduction
The main barrier for permeation through the skin resides in the stratum corneum (SC) [1] . The SC is heterogeneous [2] , since it is composed of corneocytes surrounded by lipid layers and there is not a complete agreement on whether lipid layers or corneocytes are the main contributor to the permeability barrier [3] . It is now widely accepted that corneocytes are permeable and they should be included in the geometry of the permeation model [4] [5] [6] [7] [8] [9] . The lipid layers are anisotropic-their permeability is direction-dependent-and this property greatly affects the diffusion characteristics in the skin [4] .
The asymmetry of the SC with depth (termed vertical heterogeneity by some authors) has been demonstrated by detailed examination of its structure [9] [10] [11] [12] , by sorption and desorption tests [10] , by in vivo noninvasive measurement data [13] , by observations of the non-uniform SC swelling [6] , and by in vitro study on intact and tape-stripped skin samples [14] . Asymmetry with depth could result from the increasing water content of the SC with depth, from 50% to 70% for fully hydrated SC and from 20% to 60% for partially hydrated SC [15] , and this may imply an increase in the corneocyte diffusivity in the inner layers. Asymmetry, located in the lipid layers, is reflected by the decrease in the CeH stretch frequency associated with the lipid alkyl chains of outer layers of the SC [16] . A decrease in the lipid ordering may result in an increase in the lipid diffusivity in the outer layers. Watkinson et al. [17] tested the hypothesis of higher diffusivity in the surface of the skin with a model geometry of one and two isotropic slabs; they found that the concentration profiles when diffusivity is dependent on depth (diffusivity in the surface 3 times that of the inner layers) did not differ much from the profiles where diffusivity was kept constant with depth. Anissimov and Roberts [18] studied desorption with variable diffusion coefficients (linear, exponential, and two isotropic slab models) and variable partition coefficients (exponential, two slab, and exponentialconstant models) and demonstrated that permeation is insensitive to diffusion and partition coefficient asymmetry. On the other hand, desorption flux could be explained by partition asymmetry. They concluded that partition coefficient asymmetry had more effect than diffusivity asymmetry and should be included when modeling tapestripping data. Mueller et al. [19] measured experimentally a biphasic concentration profile of clobetasol propionate (a logarithmic decrease on the top four to five tape strips and a constant low concentration in the inner layers) concluding that a variable partition coefficient was the main cause for this unexpected result. Furthermore, asymmetry could be caused by the degraded state of a protein-corneodesmosin-in the outer layers of the SC, possibly increasing corneocytes uptake toward the surface of the SC [20] . All these previous studies use geometry of one or two isotropic slabs to represent the SC.
Skin appendages, hair follicles and sweat ducts, constitute another pathway of permeation [10] . In spite of their small relative area, estimated as 0.1% [21] of the total surface area, their importance is revealed from observations of permeability of ions, highly polar molecules, and high molecular weight compounds, especially in initial transient times [21, 22] . The follicular contribution could be of about 50% [23] to 60% [24] , as measured by a sandwich system technique based on simplified mathematical assumptions [25, 26] . Otberg et al. [27] observed larger absorption of caffeine, in an in-vivo study, when skin follicles were left open versus blocked (follicular contribution 35%). Trauer et al. [28] found a 58% follicular penetration of caffeine. By differential stripping technique, 10% to 24% of the total amount of finasteride in the stripping tapes was found in the hair follicles [29] . A simplified mathematical analysis of the follicular pathway, presented early on by Scheuplein [21] , demonstrates that the smaller the permeability of a compound the more significant the role of appendages becomes [30] . A detailed mathematical model of local diffusion of unionized chemical species through a single hair shaft with follicular sheath surrounded by SC, viable epidermis, and dermis shows a high follicular penetration into dermal tissue, in concordance with experimental in vitro data [31, 32] . Dancik et al. [32] presented concentration profiles of model permeants into the surrounding skin for different scenarios of permeability, partition and concentration. Mitragotri et al. [33] analyzed the diffusion through shunts assuming a smaller area fraction of the appendages, 1 × 10 − 4 or 0.01% of the total surface, claiming sebum reduces the area available for transport. The input parameters for a percutaneous permeation model are geometric descriptors, affinity parameters, and transport parameters. The geometric descriptors are obtained from measurements and microscopic models of the SC [34] . The affinity parameters are the lipid and corneocyte partition coefficients. They can be obtained experimentally [35] [36] [37] ; or from correlations as a function of the octanolwater partition coefficient regressed to experimental partition coefficients [38] [39] [40] [41] [42] . The dependency of the partition coefficient values on the method being employed, was pointed out as a caveat for obtaining an accurate model of permeation [3] . The transport parameters are lipid and corneocyte diffusivities. In general, they are computed from physico-chemical properties of solutes with correlations to experimental data [38] . A wide range of values of lipid and corneocyte diffusivities have been used in previous models. Whether the lipid or corneocyte is the main barrier of diffusion will greatly influence the permeability results and needs to be studied prior to the analysis of the SC asymmetry and follicular penetration. In the pioneering works by Yotsuyanagi and Higuchi [43] , Michaels et al. [44] and Tojo [45] , the lipids were considered the main barrier for diffusion. In contrast, in the models by Heisig [46] and Naegel-Hansen [35, 47] the corneocytes were the main barrier for diffusion. Johnson et al. [48] developed the first SC model with anisotropic lipid but only lipids were included in the geometry. Frasch [49] and Barbero and Frasch [50] explored a full range of values. Wang et al. [4, 51] introduced anisotropy in the lipid layers mathematically represented with a lateral diffusivity and a mass transfer coefficient for transbilayer hopping, with the lipid phase being the main diffusion barrier. Chen et al.'s model (2008) [52] [53] [54] [55] included an isotropic lipid phase with the corneocyte being the main barrier to diffusion. In summary, of the most recent models, Wang et al. [4, 51] and Johnson et al. [48] models locate the main barrier in the lipid phase, while Naegel-Hansen [35, 47] and Chen et al. [52] [53] [54] [55] models consider the corneocyte phase as the leading barrier.
This work addresses some unresolved issues [38] related to the impact of the SC structure on functionality. The objectives of this study are: the analysis of the effect of the location of the main barrier of diffusion, the presence of asymmetry with depth, and the inclusion of the follicular pathway on percutaneous permeation. First, analytical solutions of diffusion through a heterogeneous multilayer geometry or multi-laminate (ML) with each layer been isotropic are presented. Then, a 2 dimensional (2D) brick and mortar (B & M) geometry with anisotropic lipid layers is solved using a commercial finite element package COMSOL Multiphysics®. The SC asymmetry is represented with depthdependent diffusivity and partition coefficient. Finally, this work analyzes the contribution of diffusion through appendages to total SC penetration.
Methods

Input parameters
A partition coefficient is defined as the ratio of concentrations of two phases at a boundary. Frequently, the partition coefficients are given with respect to water and the subscript w is often omitted. The lipid and corneocyte partition coefficients used in this study are defined as 
where C lip is the concentration in the lipid, C w is the concentration in water, C cor is the concentration in the corneocyte, and K lip-cor the partition coefficient between lipid and corneocyte. In this study these parameters are computed with functions of the octanol-water partition coefficient K ow [35, 38, 40, 42, 56] . These relationships have a power law format as
where the parameters a and b are obtained from correlations to experimental data sets, and they are given in Table 1 . Hansen et al. [38] presented a review of correlations from several authors, as well as their own correlations. The datasets used to compute the correlation parameters a and b are heavily dominated by lipophilic data [38] . In Wang et al. [51] , K cor includes a modified fiber volume fraction, but for the comparison with the present study it should be calculated with the protein partition coefficient and the water sorption volume [57] . The partitions included in Table 1 correspond to their Model 2, fully hydrated SC. In Chen et al. [52] [53] [54] [55] , for K ow ≥ 10, K cor is computed with Eq. (2) but for K ow < 10, K cor is computed as function of K lip , as shown in Table 1 . In this work, the partition coefficients, K cor and K lip , are computed using the correlations from Hansen et al. [38] (from experimental data of 16 chemicals, r 2 of 0.85). The weight-based parameters were converted to volume-based parameters multiplying by the specific density, The corneocyte diffusion coefficient D cor is estimated with an expression from classical continuum theory in composite medium with fibrous inclusions considering the keratin fibers as non-accessible, as derived by Wang et al. [51] . Since the lipid is anisotropic-composed of multiple bilayers-two diffusion coefficients are required: one parallel to lipid bilayers long direction (named lateral) D lip-lat and another perpendicular to the lipid bilayers (named trans) D lip-trans . The diffusivity in the lateral direction is commonly calculated as a function of the molecular weight (MW). In this study the equation derived by Wang et al. [4, 51] , based on Fluorescence Recovery after Photo bleaching and Electron Paramagnetic Resonance data, and arranged by Hansen et al. [38] is used: 
The expected values of D lip-lat , with MW ranging from 500 to 100, are from 5 × 10 − 9 to 1 × 10 − 7 cm 2 /s. On the contrary, Chen et al. [53] , assumes the lipid is isotropic and computes the diffusivity in the lipid phase by the model developed by Mitragotri [33] which renders a range of diffusivities from 6 × 10 − 10 to 6 × 10 − 7 cm 2 /s for MW ranging from 500 to 100.
To our knowledge there are no correlations to compute the transbilayer lipid diffusivity D lip-trans as a function of physico-chemical properties or experimental parameters. From studies of phospholipid transport through bilayers [59, 60] , it is demonstrated that the rate of lateral diffusion is much faster than that of transbilayer transport (up to 9 orders of magnitude), i.e., D lip-trans is expected to be much smaller than D lip-lat . Two authors have described the diffusion through the lipid bilayers using a mass transfer coefficient, k trans . Johnson et al. [48] assuming that the transbilayer transport resistance is much greater than the lateral diffusion, proposed an estimation of k trans from the permeability value, the octanol-water partition coefficient and the number of bilayers. Similarly, Wang et al. [51] computed k trans using their model in reverse, that is from measured SC permeability they calculated k trans . Repeating this process for many chemicals they obtained the following correlation, specific for their particular model (named Model 2) considering hydrated SC, as a function of the molecular weight
Since the mass transfer occurs in a solid medium with concentrations varying with time and space, the flux is better described by a diffusion coefficient rather than a mass transfer coefficient, as discussed by Cussler [61] . In the present study, a range of values for the transbilayer lipid diffusion coefficients is proposed and the results from parametric sweeps are compared with experimental data of flux and lag time. Just for comparison, the transbilayer lipid diffusivity can be approximated by the product of the mass transfer coefficient times the thickness of the bilayers, which was measured as δ = 13 nm [62] .
lip trans trans (6) Since the bilayers surround the corneocytes, two lipid anisotropicdiagonal diffusivity matrices are defined: the diffusivity of the lipid parallel to the surface of the skin, D lip-p (5) and (6)), for molecular weight from 500 to
18.
A unit cell of a B & M geometry is depicted not to scale in Fig. 1 with actual dimensions of a fully hydrated SC [4] given in Table 2 .
Diffusion in a multilayer geometry
Observing the B & M geometry in Fig. 1 with the dimensions given in Table 2 , the SC structure could be approximated by a multi-laminate geometry ML, as done previously [63] [64] [65] . The geometry for one pair of layers (one lipid layer and one corneocyte layer), also identified as AB pair [66] , is depicted in Fig. 2 . The equations that describe the flux and lag time of diffusion through ML structures were derived to study the diffusion and solution of gases in composite rubber membranes [66] .
For n = 1 pair of lipid-corneocyte layers the steady state flux J SS can be easily computed by equating the flux in each layer, assuming sink conditions in the bottom (C 0 = C 4 = 0), and using the partition coefficient relationship between layers as Fig. 1 . B & M geometry, unit cell not to scale. Actual dimensions listed in Table 2 . 
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Eq. (9) can be written as a function of the concentration inside the first layer C 1 or the concentration in the vehicle C v, and care should be taken in using the correct expression. If the model considers an aqueous vehicle and a uniform outer layer of lipids in the SC, then C v = C 1 /K lip . Eq. (9) is also applicable when the corneocyte layer is the top layer. The lag time, τ, has been derived for permeation thru membranes [66] and for n = 1 is 
For n pairs of lipid-corneocyte layers, the steady state flux J ss n is 
Eq. (14) can be rearranged as the sum of two terms corresponding to the first and following pairs of layers [67] 
Eqs. (11) to (15) can be used to approximate transcellular diffusion if more sophisticated methods of solution are not available. These algebraic equations and variations thereof will be used to estimate the effect of the location of the main barrier of diffusion on percutaneous permeation and for verification of the solutions obtained with COMSOL.
Diffusion in a brick-and-mortar geometry
B & M geometries have been used to simulate the SC, and this configuration allows for the inclusion of more details present in the SC structure than the ML geometry. A unit cell of the B & M geometry is depicted in Fig. 1 . It has in total two layers of corneocytes and two layers of lipids and an overlap ω = d S /d L, which is often taken as 0.19 [4] , with d the corneocyte width, d S the short overlap and d L the long overlap. The geometry selected here to represent the SC is idealizedrectangular since the objective of this article is to compare the relative effect of different input parameter values and the presence or absence of a follicular pathway. The complete SC geometry is composed of 7 unit cells through the thickness, a total of 14 pairs of lipid-corneocyte layers. A half-thickness lipid layer is included at the top of the SC in contact with the donor and another at the bottom of the SC where the sink condition is applied. Note that this leads to using the lipid partition coefficient to calculate the concentration inside the SC from the concentration in the vehicle, and for an aqueous vehicle then, C v = C 1 /K lip . COMSOL Multiphysics (version 4.4 Comsol, Inc., Burlington, MA) is selected to solve this model because it allows for modeling of complicated geometries with nonlinear boundary conditions, variable parameters and transient solutions with easy implementation of parametric sweeps.
The presence of a partition coefficient creates a concentration discontinuity in the corneocyte-lipid boundary described by Eq. (1). In the finite element method of solution each point in space or node has a unique set of properties. There are different techniques to assign this discontinuity to a node or boundary: applying a change of variables in concentration for each medium [68, 69] , using the stiff-spring method [70] , or other techniques [71] . The stiff-spring method is used in this study. The continuous flux equation in the corneocyte-lipid boundary is given below.
Brick-and-mortar model implementation in COMSOL Multiphysics
A 2D B & M model is created in COMSOL Multiphysics. Chemical species with transport of diluted species and time-dependent study are the physics selected. The input parameters are entered in the global definitions. The geometry is created and the average flux in the bottom and the integral of the flux are defined. The diffusion is described by
Where i = lip or cor, c is concentration, t is time, D is diffusivity and R is reaction (equal to zero in the present study since no binding or reactions are considered). The lipid domains are selected from the geometry and the corresponding diffusivities, internal boundary conditions between layers, periodicity conditions, and external boundary conditions (donor concentration in the top and the sink condition in the 
The flux and lag time computed using COMSOL are validated by comparison with analytical solutions, Eqs. (11) and (14), for the same ML geometry.
Diffusion with depth-dependent asymmetry
Three scenarios involving asymmetry are explored: 1) the corneocyte diffusivity higher toward the inner layers, due to the increase in the water content with depth, 2) the lipid diffusivity higher toward the surface of the skin, due to a decrease in the ordering of the lipids in the outer layers and 3) the corneocyte-lipid partition variation with depth: coefficient higher toward the surface of the skin, K cor-lip-s > K cor-lip-0 and vice versa K cor-lip-s < K cor-lip-0 . These parameters are varied independently, with a linear equation.
where F represents corneocyte diffusivity, lipid diffusivity or partition coefficient. F 0 is the parameter at the base of the SC, F S the one in the surface of the SC, y the coordinate (zero at the base of the SC), and l the SC thickness.
To compare with previous studies [17, 18] , a variable diffusivity with depth is applied to a "homogeneous" SC geometry. To evaluate the effect of asymmetry an equivalent diffusivity D eq ⁎ is computed from the flux J ⁎ SS obtained using a variable diffusivity
The model is run with this constant D eq ⁎ value and the results are compared to those resulting from depth-dependent diffusivity.
To evaluate the effect of asymmetry with a heterogeneous B & M geometry, an equivalent parameter in the specific medium of study needs to be calculated. The equivalent parameter will be computed as the midpoint between the two extremes (F S + F 0 )/2, the log midpoint (log F S + log F 0 )/2, using Eq. (11) with the flux obtained using a depthdependent diffusivity with depth, or using Eq. (15) with the lag time obtained using a depth-dependent partition.
Diffusion through follicular appendages
The study of the transport through skin appendages is done here adding an appendage with an area equivalent to the follicular fraction, as shown in Fig. 4 . It has to be noted that this simplified approach is used only for comparisons, and not for quantitative evaluations of the follicular permeation.
An approximation of the steady state flux including follicular pathway can be computed as the sum of the flux in the follicle times the area fraction of the follicle f plus the flux in the rest of the ML geometry times (1 − f), 
Eq. (21) is approximately equivalent to the case where there is no flux between the follicle and the rest of the SC. This approximated solution is a mathematical representation of the simplified analysis of the follicular pathway presented by Scheuplain [21] . The permeation through a B & M geometry with follicle diffusivity D f (grey area in Fig. 4 ) with flux in the SC-follicle boundary as described in Eq. (16) is compared to the solutions of B & M geometry without follicle to evaluate the follicular contribution. To describe the contribution through appendages authors use follicle flux fraction FF = (J wf /J wof ), that is ratio of flux with follicle J wf to flux without follicle J wof or follicular contribution percent %FC = (J f /J wf ) × 100 referring to flux in the follicle J f to total flux with follicle J wf . These expressions are related as %FC = 100 × (FF − 1)/FF. The effect of follicular penetration on the lag time is described by the lag time reduction caused by the follicular pathway, that is % τ red = 100 × (τ wof − τ wf )/τ wof .
Input parameters of illustrative compounds
Three chemicals are used as illustrative examples: caffeine (CAF) log K ow = −0.07, nicotine (NIC) log K ow = 1.17, and diethyl phthalate (DEP) log K ow = 2.47. The input parameters used in the models are given in Table 3 . In the present work a range of the transbilayer lipid diffusivity values is studied. The permeability, flux and lag time from permeation experiments using human skin for CAF, NIC and DEP as well as the donor concentration are given in Table 4 and these values are in the range of other published experimental data.
Results and discussion
Diffusion in a multilayer geometry and analysis of the main barrier location
The permeability and lag time of diffusion through a ML geometry calculated with Eqs. (11) and (14) for n = 14 pairs of layers, when the main permeability barrier is located in the lipid phase and with geometric descriptors from Table 2 , are shown in Fig. 5A Table 3 , indicating that the main permeation barrier is located in the lipids. Also when the main barrier is located in the lipids a lipophilic compound has higher permeability and lower lag time than a hydrophilic compound and the slope of the Potts and Guy equation is similar to the one from the ML model.
The permeability and lag time of diffusion through the same ML geometry calculated using Eqs. (11) and (14) but now with main permeability barrier located in the corneocyte phase are shown in Fig. 5C Fig. 5C and D, making the SC almost homogeneous. There is little slope for the lag time as a function of K ow (Fig. 5D ) and the slope in the flux versus K ow is due to the two different equations used to compute K cor . It is possible that the Chen et al.'s model relies heavily on the vertical lipid path which is not included in the ML geometry. In the next section a B & M geometry will be presented.
The lipid diffusivity value in an ML geometry can be computed by combining Eqs. (11) and (13), as
The lipid diffusivity for a range of D cor 5 × 10 − 10 to 1 × 10 − 5 cm 2 /s, log K ow -4, 0 and 4, and permeability computed with the Potts and Guy's model [76] with an assumed molecular weight MW = 200, is depicted in Fig. 6 . Again it is observed in Fig. 6 , that the limiting barrier (lower diffusivities values) to satisfy the percutaneous permeation in an ML geometry with permeability from the Potts and Guy's model is located in the lipid layers (D lip in the order of 5 × 10 − 12 cm 2 /s for the range explored) and this coincides with previous experimental conclusions [12] . Similar to what occurs in diffusion through an isotropic medium, the steady state flux or permeability in an ML geometry with n > 1 is inversely proportional to the lag time. Introducing Eq. (15) 
The double logarithmic plot of permeability versus lag time for the ML geometry has a slope near −1, the same as for permeation through homogeneous media. The permeability versus lag time graph is a descriptive plot which will be used to evaluate the effect of anisotropy.
Validation of the finite element method of solution
To validate the implementation of the internal boundary conditions, the flux and lag time solutions obtained with COMSOL were compared to the analytical solutions, Eqs. (11) and (14) for the exact same ML geometry with the input parameters of the three illustrative compounds and the percent relative error between analytical and finite element solutions, was < 0.1% (data available but not presented here).
Diffusion in a brick-and-mortar geometry compared with a multilayer geometry and analysis of the main barrier location
The permeability and lag time of diffusion through a 2D B & M geometry with n = 14 pairs of layers, geometric descriptors from Table 2 , and input parameters values of the three illustrative chemicals from Table 3 for a range of D lip-trans values, are displayed in Fig. 7 . The permeability and lag time from the finite element solutions of the anisotropic B & M geometry (black symbols) are very close (1-3% differences) to the analytical solutions of the isotropic ML geometry (solid and dashed lines) when the value of the transbilayer lipid diffusivity is used as the isotropic lipid diffusivity in the ML geometry, for [68] . The modeled permeability values using either the ML or B & M models exceed the corresponding experimental points (empty symbols) for all three compounds, with CAF having the largest difference. This observation is possibly due to the fact that the partition coefficients are calculated from correlations which were obtained from experimental data sets with a few hydrophilic compounds [38] . The K cor values required to match the experimental permeability and lag time (using K lip from correlations) can be computed with Eq. (22), and they are: 0.5 for CAF, 12.99 for NIC and 19.08 for DEP, which are smaller than the values from correlations (Table 3 ): 6.96 for CAF, 17.36 for NIC and 45.24 for DEP. These correlated K cor values were computed using the protein density when they should have been computed using the corneocyte phase density, as noted by a reviewer. Using a corneocyte phase density the K cor values will be about 20% lower, depending on the water content of the corneocyte. When using the experimental partition coefficient for CAF (K cor = 2.74 and K lip = 2.15 [35] (dashdot line in Fig. 7 ) the model solution is nearer the experimental Fig. 5 . Permeability and lag time calculated using Eqs. (11) and (14) for n = 14 pairs of lipid-corneocytes layers with l lip and l cor from Table 2 . A and B main barrier located in the lipid. C and D main barrier located in the corneocyte. permeability and lag time (Table 4) .
On the other hand, if the main permeability barrier is located in the corneocytes, the permeability and lag time results using the 2D B & M geometry (black symbols) differ from the ones using the ML geometry (grey symbols), as shown in Fig. 8 . Both model's results differ substantially from the experimental values, with the ML results being the ones farther away. The predicted permeabilities from the models when the corneocytes is the main barrier of diffusion are smaller than the experimental ones, while the lag times are larger.
All model results are presented in Table 5 for comparison. For the ML and B & M models with the main barrier located in the lipids, the results shown in Table 5 These results demonstrate that the main barrier of skin permeation resides in the lipid layers, for both a simple ML geometry and also a 2D-heterogeneous-anisotropic B & M geometry of the SC, coinciding with other authors' conclusions [3, 50] . When the corneocytes are the main barrier of diffusion the lag times become excessively long for all chemicals. Also, the trend of permeability and time lag with lipophilicity it is not present. Furthermore, the corneocytes as the main barrier contradicts the evidence of the increase in permeability with delipidization [3] .
In the present study 14 pairs of lipid-corneocyte layers were used. Adding one pair of layers, like other models [4, 51, 48] , decreases the flux or permeability by about 5% and increases the lag time about 10%. Although the skin permeation in reality takes place in three-dimensions, the results presented here demonstrate that the flow direction, perpendicular to the skin surface, is the primary component and in consequence it is acceptable to conclude that is not required to add the third dimension, as was concluded by other authors [77] . The 2D B & M model yields the same permeability than the 3D model when the diffusivity in the corneocytes is much larger than the one in the lipids [77] , which is the case supported in this article.
The permeability and lag time results for the ML geometry are almost identical to the 2D B & M ones at steady state. Since transient solutions are computed with COMSOL Multiphysics, it is possible to compare the transient fluxes and differences are found between the ML and B & M model results at times less than half the lag time. For DEP the ML flux is larger than the B & M one (six times larger and exponentially decreasing to no difference at half the lag time), and the inverse occurs for NIC and CAF (data available but not presented here).
In the present study the lag time is computed with the time integral of the average transient flux at the bottom of the skin using Eq. (18) . There are other methods to compute the lag time of diffusion through multiple laminates which do not require transient solutions [78] . The approximate lag time can be computed introducing Eq. (13) into Eq. (15) which results in τ = (n K lip /6k p ) (l lip + l cor /K cor ), which for CAF gives 15.14 h, compared to 15.1 h using Eq. (18), Table 5 . This equation can also be written as τ = l K SC /6k p = l(φ lip K lip + φ cor K cor )/6k p with φ lip = n l lip /l and φ cor = n l cor /l, as in Wang et al. [4, 51] .
Effect of parameter depth-dependent asymmetry on permeability
Similar to the findings of Watkinson et al. [17] and Anissimov and Roberts [18] , when the SC is taken as one layer with depth-dependent diffusivity little difference was found on flux and lag time versus constant equivalent diffusivity (results available but not presented here). Although, depth-dependent diffusivity caused a non-linear concentration distribution through the SC thickness at steady-state: convex, if the diffusivity in the surface is higher and concave if the diffusivity in the surface is lower than the one in the bottom, similar to the findings of Crank [79] .
When the SC is represented with a heterogeneous geometry, three scenarios are investigated here: 1) increasing corneocyte diffusivity, 2) decreasing lipid diffusivity, and 3) both decreasing and increasing corneocyte-lipid partition coefficient with depth. The illustrative chemical compound used for this analysis is caffeine (CAF) with the main barrier of diffusion located in the lipids, D lip-trans on the order of 10 − 11 cm 2 /s, based on the previous results.
1) Corneocyte diffusivity may increase with depth due to a corresponding increase in corneocyte water content [15] . However, even when the model D cor was subjected to 3 orders of magnitude difference, almost no changes were observed in flux or lag time when compared with a constant corneocyte diffusivity (results available but not shown). This same conclusion can be reached from observations made from Fig. 6 , were a range of four orders of magnitude in corneocyte diffusivities correspond to an almost constant value of diffusivity in the lipid and permeability. Variation of the corneocyte diffusivity with depth does not affect flux or lag time, since the main diffusion barrier is located in the lipid. 2) When the lipid diffusivity decreases with depth a significant effect was found. The dependency with depth was applied to the value of the transbilayer lipid diffusivity. The flux versus time is shown in Fig. 9 , for lipid diffusivity following a linear function, Eq. (19), with two and three orders of magnitude variation (D 1 and D 2 in Table 6 ). The flux with variable diffusivity, D 2 is much lower than the flux with constant mean value D lip-mean = 2.5 × 10 − 10 cm 2 /s, and also differs from the logarithmic mean D lip-log mean = 7 × 10 − 12 cm 2 /s. The value of the equivalent diffusivity computed using Eq. (22) is similar to the logarithmic mean value of diffusivity, Table 6 . The caffeine experimental flux, computed as the slope of the average accumulated permeation data from Barbero and Frasch [74] , is also shown in Fig. 9 .
The steady state flux computed with variable lipid diffusivity differs from the one computed with equivalent constant lipid diffusivity and this difference depends on the selected range of variation. Also from the flux profile in Fig. 9 it can be observed that the lag time decreases when the diffusivity is higher at the surface of the skin, and again this deviation is a function of extent of the variation with depth. The steady state flux versus lag time for lipid diffusivity with linear functions, D 1 and D 2 (grey symbols and values from Table 6 ) and lipid diffusivity constant log midpoint values (black symbols) are shown in Fig. 10 . The values of steady state flux and lag time using a lipid diffusivity decreasing three orders of magnitude with depth are near the CAF experimental values. Thus, when depth dependence of the diffusivity is introduced, the model results approach the experimental lag time values for CAF.
3) The corneocyte-lipid partition coefficient, K cor-lip , applied to the internal boundary conditions between lipid and corneocyte is varied with depth. A corneocyte-lipid partition coefficient decreasing with depth, K cor-lip-s > K cor-lip-0 is studied first. For a function K 1 (y) with K cor-lip-s = 100 K cor-lip-0 (Table 7) the steady state flux is higher (grey triangle in Fig. 11 ) than the flux calculated with constant partition values 0.065, 0.65, 6.5 or equivalent partition value 2.66 computed with Eq. (15) (black symbols in Fig. 11 ). On the other hand, when (Table 7 and grey circle in Fig. 11 ), the steady state flux is lower than the flux calculated with constant or equivalent partition. Note that partition functions K 1 (y) and K 2 (y) give the same lag time, which depends of the range of values and not the direction of change. The ranges tested cover a 100-fold reduction from the CAF K cor-lip = 6.5 from correlations. Although asymmetry in the partitioning produces some reduction in lag time, it still exceeds five times the experimental lag time value (white circle in Fig. 11 ).
From the findings above, introducing asymmetry with depth in the lipid diffusivity conduces to a departure from the flux-lag time line of negative-one slope toward lower lag time, with a small effect on flux as shown in Fig. 10 . While introducing asymmetry with depth in the partition coefficient leads to both lag time and flux variations, as shown in Fig. 11 . Including parameter asymmetry could probable explain some of the differences between the model results with constant parameters and the corresponding experimental values; nevertheless this should be corroborated with experiments. The parameter asymmetry also affects the steady state concentration distribution profile through the SC thickness, as shown in Fig. 12 . The steady-state concentration in the corneocytes and lipids along a vertical cutline in the middle of the SC geometry ( Fig. 1) is plotted with the input parameters for caffeine (Table 3) . Note the concentration in the corneocytes is higher than the one in the lipids due to the K cor-lip value of 6.5. While the lipid diffusivity decreasing with depth produces a convex concentration distribution (dashed line in Fig. 12 ), the partition coefficient asymmetry produces a concave concentration distribution (dash-dot line in Fig. 12 ). Mueller et al. [19] found a logarithmic decrease of concentration of clobetasol propionate in SC tape strips and attributed this to a variable partitioning coefficient, which coincides with the findings presented here.
In conclusion, variable lipid diffusivity with depth affects flux and lag time of permeation but variable corneocyte diffusivity with depth does not. When lipid diffusivity is depth dependent, the steady state flux of permeation will change depending of the range of variation of the diffusivity. However, the most significant effect occurs with the lag time, which is much smaller than the one computed with the constant equivalent diffusivity. Here the values of steady state flux and lag time computed using a lipid diffusivity decreasing three orders of magnitude with depth are nearer the CAF experimental values. Studies of diffusivity dependency with depth found no effect when the SC was considered homogeneous with one or two isotropic layers. The findings here address the importance of using heterogeneous B & M geometry versus homogeneous geometry. The flux with a decreasing corneocyte-lipid partition coefficient with depth is higher than the flux with an equivalent constant partition and vice versa; the flux with an increasing corneocyte partition coefficient with depth is lower than the flux with an equivalent constant partition. The variation on corneocyte partition with depth does not change the lag time, at least for the ranges tested here. Fig. 13A and B. The steady state flux and lag time without follicle are shown in Fig. 13A and B (line and black circle). The steady state flux including follicular pathway computed using the approximation given by Eq. (21) is shown in Fig. 13A and C (line and white triangle). When internal flux between the follicle and surrounding SC is allowed and the follicle partition coefficient is equal to the lipid partition coefficient (K f = K lip ) the steady state flux is higher while the lag time is lower, as shown in Fig. 13A and B (short-dashed line and black square). The finite element solutions of a B & M geometry with follicle and no flux to the surrounding SC, except in the top and bottom lipid layers, are shown in Fig. 13 6.35 × 10 − 12 cm 2 /s (dotted gridline in Fig. 13 ), the follicular contribution is FC = 87% and the lag time reduction is 82%. With the approximation given in Eq. (21) or the finite element solution with no flux to surroundings the follicular contribution is about FC = 30% and the lag time reduction is about 26%, significantly smaller since there is no flux between follicle and surrounding SC. Experimentally a follicular flux contribution ranging from 20 to 60% has been measured [23, 24] . Probably the flux between the follicle and the SC is small although there may be significant flux between the follicle and the dermis [31, 80] . The introduction of follicular pathway produces a non-linear relationship in the double logarithmic plot of steady state flux versus lag time (Fig. 14) however the deviation is minimal. If the follicle area is taken as 0.01% of the total (ten times smaller than the present study) and a follicular diffusivity coefficient of 1 × 10 − 6 cm 2 /s, as proposed by Mitragotri [33] , almost identical results were obtained.
The follicular pathway of penetration has significance when the diffusivity ratio transbilayer to corneocytes is low (D lip_trans / D cor < 1 × 10 − 3 ) and increases the flux while reducing the lag time.
And this effect is greater when internal flux between the follicle and the surrounding SC is allowed. Follicular permeation produces a small departure from the linearity in the double-log plot of flux versus lag time for a range of diffusivities.
Study limitations
The main limitations in this study are related to the limited number of experimental values for the required input parameters. It is essential that more experimental determinations of partition coefficients of chemicals into corneocytes and lipids as well as transbilayer lipid diffusivity be done to improve the current correlations. Also, experimental measurements of diffusivity in the follicles are necessary.
The models presented here include only the SC since it is generally regarded to be the rate-limiting barrier [1] , but inclusion of the epidermis and dermis in the geometry could affect the results particularly for lipophilic compounds. A microscopic multiphase diffusion model of the epidermis [81] , and a model of the partitioning, diffusivity and clearance in the dermis [82] have recently being developed, and could be added to describe the permeation through the whole skin thickness. To study the effect of the follicular appendages in detail the geometry should include epidermis and dermis.
Three chemicals were used as illustrative compounds in the comparison of ML vs B & M geometries and caffeine was the illustrative chemical used in the study of asymmetry with depth and appendages. The addition of other chemicals as well as other ranges of input parameters will permit broader generalization of the obtained results. Also the addition of binding, local concentration dependency, and vehicle could affect the results [83] . In a following article the effect of chemical binding and local concentration dependency of affinity parameters on skin permeation will be analyzed.
Conclusions
Novel contributions of this work include the following: (1) the use of simple mathematical equations of diffusion through a ML geometry to identify the lipid as the main barrier of diffusion through the SC; (2) inclusion of asymmetry with depth in diffusivity and partition in a 2D-heterogeneous-anisotropic B & M geometry of the SC; (3) inclusion of a follicular pathway of penetration in a 2D-heterogeneous-anisotropic B & M geometry of the SC; (4) the computation of transient solutions instead of steady state solutions as most previous studies; (5) the use of a commercial modeling software package as opposed to custom written software as most previous works [84] ; and (6) the validation of the finite element results by comparisons with arithmetic solutions of a ML geometry.
This study demonstrates that the main barrier of skin permeation resides in the lipid layer, with results from a simple ML geometry and also a 2D-heterogeneous-anisotropic B & M geometry of the SC. These findings confirm that diffusion through the SC is transcellular. The flux and lag time of diffusion in a ML geometry are almost identical to the finite element results of a B & M geometry when the value of the transbilayer lipid diffusivity of the B & M geometry is used as lipid diffusivity in the ML geometry. Although, at early times into the diffusion (less than half the lag time) the results using a ML geometry differ from the ones using a B & M geometry. When comparing model results of steady state flux and lag time to experimental values differences are found, especially for caffeine; it could be that correlations available up today, may need refinement with additional hydrophilic experimental data.
Variable lipid diffusivity with depth affects flux and lag time of permeation but variable corneocyte diffusivity with depth does not. With lipid diffusivity decreasing with depth the model results approach the CAF experimental values. Variable corneocyte-lipid partition coefficient with depth affects the flux but not the lag time when compared to the results with an equivalent constant partitioning. Both lipid diffusivity and partition variation with depth affect the steady-state concentration distribution through the SC thickness. The follicular pathway increases the total penetration while reducing the lag time. Asymmetry and follicular penetration do not contradict the central conclusion regarding the lipid layers being the main SC diffusion barrier.
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